Abstract. Herbal medicines have been recognized as an attractive approach for cancer therapy with minimal side effects. The present study investigated the type of interaction between a novel lipid-soluble extract from Pinellia pedatisecta Schott (PE) and cisplatin (CDDP) on human cervical cancer SiHa and CaSki cell lines in vitro. The mechanism of this combination was studied using cell proliferation, invasion and apoptosis assays, and by analyzing cell cycle distribution and protein expression, with a focus on DNA damage response (DDR) activation. Equipotent combinations of PE and CDDP were determined by isobologram analysis, in order to evaluate potential synergy. The combination index for SiHa cells was 0.43, and the index for CaSki cells was 0.68, indicating synergy. Treatment with PE and CDDP combined resulted in a significantly greater inhibition of invasion in the two cells, compared with either drug alone (SiHa, P<0.01; CaSki, P<0.001). This co-treatment induced significantly more apoptosis in the two cell lines, and arrested cells at the G0/G1 phase and G2/M phase in SiHa and CaSki, respectively, with a significant decrease (P<0.01) in S phase cells in the two cell lines. Combined PE and CDDP targeting synergistically enhanced the expression of markers of DDR (phosphorylation of ataxia-telangiectasia mutated, checkpoint kinase (Chk)-1, Chk-2, and γ-H2A histone family member X) in cells. These results suggest that PE and cisplatin act synergistically in cervical cancer cells with high DDR activation. The approach presented in the present study may have important implications for the pharmacological mechanism of Pinellia pedatisecta Schott and cervical cancer therapeutic strategies.
Introduction
Cervical cancer is one of the most prevalent malignancies among women, particularly in developing countries, with ~527,600 new cases and ~265,700 mortalities in 2012 worldwide (1) . In addition, the age-standardized incidence of cervical cancer has been >4 per 100,000 (1998) (1999) (2000) (2001) (2002) in China (2), with age-standardized 5-year (2005-09) net survival of ~60% (3, 4) . It therefore remains a challenge for the Chinese government to prevent this disease. Although the first-line treatment for early stages of cervical cancer is surgical excision, concomitant platinum-based chemoradiotherapy remains a curative treatment for local advanced cervical cancer, particularly for distant control of the disease (5, 6) .
As one of the first-line chemotherapeutic agents in the treatment of cervical cancer, cis-dichlorodiamine platinum-II, also termed cisplatin (CDDP), exerts its cytotoxic effect predominantly by formatting an intra-strand cross-linking on DNA that blocks transcription and DNA replication, resulting in DNA damage response (DDR) (7, 8) . However, the chemotherapeutic use of CDDP is limited by its severe side effects and drug resistance (9, 10) . Combining CDDP with new anti-cancer agents has been studied to improve this clinical dilemma. Such combined treatments enable a lower cytotoxic dose of CDDP without affecting the therapeutic benefits. The purpose of the present study was to investigate a novel lipid-soluble extract (PE) from Pinellia pedatisecta Schott, which is a traditional Chinese medicine (TCM).
The research on Pedate pinellia Rhizome can be traced back to the 1970s, when 247 cases of cervical cancer were treated, and the total effective rate was 81.5% (11) . The present study was focused on PE, which was extracted by the Shanghai Institute of Materia Medica, Chinese Academy of Sciences. Unlike Western medicine, which generally uses purified compounds and aims to target a single molecule, TCM compositions usually contain multiple herbs and components that are necessary for efficacy (12, 13) . Initial studies identified the key constituents of the lipid-soluble extract as alkaloids, fatty acids and β-sitosterol (11, 14) . However, the key constituents are not necessarily efficacious or therapeutic for cervical cancer. Limited by TCM ingredient analytical technology, study of the exact curative component is progressing slowly in the Shanghai Institute of Materia Medica, Chinese Academy of Sciences. Previous studies have evaluated the cytotoxic effect of PE on cervical cancer cell lines (15) . The present study identified that PE could synergistically enhance the cytotoxicity of CDDP against CaSki cell growth in xenograft tumors in vivo. However, little is known about the effect of this combination on the malignant biological behavior of cervical cell lines and the underlying mechanisms. The present study aimed to assess the synergistic effect of PE when combined with CDDP on human cervical cancer cell lines in vitro and the potential mechanism on the DDR pathway.
Materials and methods
Reagents. Dried rhizomes of Pinellia pedatisecta Schott were purchased from Xuchang Pharmaceutical Corporation (Henan, China) in June 2013, and authenticated by Professor Jin-gui Shen of the Shanghai Institute of Materia Medica, Chinese Academy of Sciences. The extracting technique and process of PE have been described in detail in a previous study (15) . A voucher specimen was deposited in the herbarium of the Shanghai Institute of Materia Medica. PE was stored in a freezer at -80˚C. The PE was then dissolved in dimethyl sulfoxide at a concentration of 500 µg/µl, and stored at 4˚C for a week prior to use. CDDP was purchased from Sigma-Aldrich (Merck Millipore, Darmstadt, Germany). Rabbit monoclonal antibodies directed against cleaved-PARP (dilution, 1:1,000; #9185), cleaved-caspase-3 (dilution, 1:1,000; #9664), phosphorylated ataxia-telangiectasia mutated (ATM; Ser1918; dilution, 1:1,000; #5883) phosphorylated-checkpoint kinase (Chk)-1 (Ser345) (dilution, 1:1,000; #2348), phosphorylated-Chk-2 (Ser68) (dilution, 1:1,000; #2197) and -H2A histone family member X (H2AX) (Ser139) (dilution, 1:1,000; #9718) were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). The anti-GAPDH antibody (dilution, 1:5,000; #9482) was obtained from Abcam (Cambridge, MA, USA). The Cell Counting Kit-8 (CCK-8) was purchased from Dojindo Molecular Technologies, Inc. (Kumamoto, Japan) and the AlexaFluor 488 Annexin V/Dead Cell Apoptosis kit was obtained from Invitrogen (Thermo Fisher Scientific, Inc., Waltham, MA, USA).
Cell culture. The human cervical cancer cell lines SiHa and CaSki were obtained from the American Type Culture Collection (Manassas, VA, USA) and resuscitated by the Cell Bank of the Chinese Academy of Science (Shanghai, China). SiHa and CaSki cells were routinely cultured in minimum essential medium and RPMI-1640 medium, respectively, with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), 100 IU/ml penicillin G, and 100 mg/ml streptomycin sulfate (Sigma-Aldrich; Merck Millipore). The incubation conditions were 37˚C under 5% CO 2 and 95% air atmosphere at constant humidity. The culture medium was changed every other day. and 250 µg/ml) and CDDP (2.5, 5, 10, 20 and 40 µg/ml) were assayed. The relation ratio between the mixtures was 6:1. After treatment for 48 h, the cell culture medium was replaced with 100 µl fresh medium containing 10 µl CCK-8 solution and incubation continued at 37˚C for 2 h. The absorbance was then measured at 450 nm using the Multiskan MK3 (Thermo Fisher Scientific, Inc.). The percentage of cell proliferation was determined relative to the control. Each experiment was performed in six replicate wells for each drug concentration.
Interactions between PE and CDDP were evaluated by the isobologram analysis method, which was applied to determine additive, synergistic and antagonistic effects (16) .
Cell invasion assay and cell anti-proliferation assay. Cell invasion assays were conducted with 8 µm hanging cell culture inserts (Millipore Filter Corporation; Merck Millipore, Bedford, MA, USA) with polycarbonate membrane. Each insert was coated with 80 µl of Matrigel (BD Biosciences, San Jose, CA, USA), followed by incubation at 37˚C for 4 h. Cells were trypsinized and adjusted to 2x10 5 cells/ml in serum-free medium with PE (125 µg/ml for CaSki and 250 µg/ml for SiHa), CDDP (20 µg/ml for CaSki and 40 µg/ml for SiHa), or a combination of the two. Cells (500 µl) were seeded in the upper chambers of 24-well plates, and 600 µl of 10% FBS medium was added to the bottom of the chamber and incubated for 48 h in the invasion assay. The cells were then fixed with 4% paraformaldehyde for 10 min at room temperature and the Matrigel was wiped off the upper surface. The cells were then stained with 0.5% crystal violet solution for 5 min prior to rinsing with PBS. The number of migratory cells was counted in 3 random fields for each group using a light microscope (magnification, x100) and presented as a percentage compared with the control. For each treatment, three repetitions were performed.
Assessment of apoptosis and cell cycle distribution. Apoptosis was detected by flow cytometry via the examination of altered plasma membrane phospholipid packing, using the lipophilic dye Annexin V. Cells were treated with PE, CDDP or a combination of the two, as aforementioned in the cell invasion assay, and harvested for 48 h after treatment. The cells were successively washed with cold PBS and binding buffer, and were subsequently re-suspended in binding buffer at a concentration of 1x10 6 cells/ml. Thereafter, 5 µl of Annexin V-FITC and 1 µl of propidium iodide (PI) were added to 200 µl of cell suspension and incubated for 15 min at room temperature, avoiding light. Following the addition of 300 µl of binding buffer, the labeled cells were immediately counted by flow cytometry. All early apoptotic cells (Annexin V-positive, propidium iodide-negative), necrotic/late apoptotic cells (double positive) and living cells (double negative) were detected using a FACSCalibur flow cytometer (BD Biosciences) and subsequently analyzed by FlowJo software 7.6.1 (BD Biosciences).
For cell cycle analyses, treated cells were fixed in 75% ethanol for 24 h, at -20˚C. Following centrifugation at 352 x g for 5 min at 4˚C, the cells were collected and re-suspended in PBS (400 µl), RNase A (10 mg/ml, 50 µl), and PI (2 mg/ml, 10 µl). The mixtures were incubated in the dark at 37˚C for 30 min prior to flow cytometric analysis by a Beckman Coulter CyAn ADP flow cytometer (Beckman Coulter, Inc., Brea, CA, USA).
Western blot analysis. Treated cells from a 60-mm dish were lysed in 50 µl radioimmunoprecipitation assay buffer (50 mM Tris-HCl, pH 7.4; 150 mM NaCl; 1% NP40; 0.25% Na-deoxycholate; 1 mM EDTA; 1 mM phenylmethane sulfonyl fluoride; and protease inhibitor cocktail). Following 15 min of centrifugation (2880 x g at 4˚C), the supernatant was collected and the concentration of total protein was measured using a Bio-Rad (Bio-Rad Laboratories, Inc., Hercules, CA, USA) protein assay kit. An aliquot of 30 µg total protein was resolved in a 10% sodium dodecyl sulfate polyacrylamide gel and transferred to a polyvinylidene membrane. The membrane was blocked in 5% nonfat milk in PBS with Tween-20 (PBST; 20 mM Tris-HCl; 150 mM NaCl; 0.05% Tween-20) at room temperature for 60 min. The membranes were then incubated with the aforementioned primary antibodies overnight at 4˚C. The membrane was then washed 3 times with PBST and incubated with horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (#7170S; Cell Signaling Technology, Inc.) at a 1:10,000 dilution for 1 h at room temperature. The membranes were then washed 3 times for 60 min. The specific protein bands were visualized using electrochemiluminescence western blotting substrate (Pierce; Thermo Fisher Scientific, Inc.) and imaged using ImageQuant™ LAS4000 (GE Healthcare Life Sciences, Chalfont, UK). Protein levels were normalized to GAPDH as a reference.
Statistical analysis. For isobologram analysis, CalcuSyn 2.1 was used, and the combination index values <1, =1 and >1 were used to indicate synergy, additivity and antagonism, respectively. Statistical analysis of the data was performed using either GraphPad Prism 6 software (GraphPad Software, La Jolla, CA, USA) or SPSS 16.0 (SPSS, Inc., Chicago, IL, USA). Data were expressed as the mean ± standard deviation of three independent experiments. Differences among groups were analyzed statistically with one-way analysis of variance, followed by the Bonferroni post hoc test for multiple comparisons. A unpaired two-tailed Student's t-test was applied to identify significant differences between two groups. P<0.05 was considered to indicate a statistically significant difference.
Results
Synergistic interaction between PE and CDDP. Subsequent to treatment with different concentrations of PE and CDDP for 72 h, cell growth curves were drawn. As shown in Fig. 1 , cytotoxicity of PE and CDDP was in a time and dose-dependent manner on CaSki and SiHa cell lines. IC50 at 48 h was calculated by CalcuSyn software. For CaSki cells, the IC50 of CDDP was 40 µg/ml and that of PE was 250 µg/ml, while for SiHa cells, the IC50 of CDDP was 80 µg/ml and that of PE was 500 µg/ml.
The inhibitory effects of the combined use of PE and CDDP were tested in two cervical cancer cell lines, SiHa and CaSki cells. To determine whether PE and CDDP exhibit a combined effect in cervical cancer cells, the effect of individual and combination treatment with PE and CDDP after 48 h of exposure was examined, using the CCK-8 assay. As shown in Fig. 2A , the two compounds inhibited cell growth in a dose-dependent manner in SiHa and CaSki cells. Isobologram analysis was performed to evaluate whether PE and CDDP interact synergistically (Fig. 2B) . This analysis provides a combination index (CI) value that measures the degree of interaction between two or more drugs, where a CI <1 indicates synergism and CI >1 antagonism. CI values of 0.43 and 0.68 were identified for SiHa and CaSki cells when the effective dose (ED) of the two agents inhibited cell viability by 50% (Fig. 2C) . Irrespective of high cytotoxicity (ED90) or low cytotoxicity (ED25), the CI value remained below 1, indicating that synergism occurs independently of the equipotency levels of PE and CDDP. Results of the present study demonstrate that PE and CDDP exhibit a synergistic interaction in cervical cancer cell lines.
Combination of CDDP with PE inhibits cervical cancer cell invasion.
To test whether the combination of PE plus CDDP results in decreased cell invasion compared with either single agent alone, Matrigel invasion chambers were used. Results in Fig. 3 show that, for SiHa and CaSki cell lines, PE alone caused ~63 and 49% reduction in invasion compared with the control, while the combination treatment decreased cell invasion by ~88 and 81%, respectively.
Combination of CDDP with PE increases cervical cancer cell apoptosis and G0/G1 or G2/M phase arrest.
To determine whether the increased anti-proliferative effect was due to increased apoptosis and/or cell cycle alterations, apoptosis was examined using Annexin V analysis, following PE and CDDP treatment (Fig. 4) . The number of apoptotic cells was quantified using flow cytometry (Fig. 4A and B) . As shown in Fig. 4C and D, flow cytometric analysis of SiHa and CaSki cells revealed that PE and CDDP increased the number of apoptotic cells compared with that observed in untreated cells. Additionally, the combined targeting significantly enhanced SiHa and CaSki cell apoptosis to 86.8 and 48.4%, respectively. These results were confirmed by western blot analysis. The combination of PE with CDDP was accompanied by increased expression of cleaved PARP and caspase-3 ( Fig. 4E and F) . As shown in Fig. 5 the phosphorylation state of crucial components of the DDR pathway was assessed in the cells, following treatment with different doses of PE, CDDP or a combination of the two. Western blot analyses were performed on proteins from SiHa cells treated with 40 µg/ml of CDDP, 250 µg/ml of PE, or a combination of the two, and the treatment was conducted for 48 h. Proteins from CaSki cells that were treated with 20 µg/ml of CDDP, 125 µg/ml of PE, or a combination of the two for 48 h were detected in the same way. As shown in Fig. 6 , when co-treated with PE and CDDP, the two cell lines manifested increased phosphorylation of ATM, Chk-1, Chk-2 and H2AX compared with single agent treatment.
Discussion
TCM, which has been used in China for thousands of years, has a unique theoretical system and takes a practical approach to the treatment of diseases (17) . The 'Shen Nong Ben Cao Jing', written >2,000 years ago, was one of the earliest books on medicine in the world (17, 18) . The effectiveness of TCM against cancer is an area of investigation among oncologists and clinicians. There are multiple anti-cancer studies on various TCMs, including berberine (19) , chrysin (20) , jacarelhyperol A (21) and curcuma longa (22, 23) . Furthermore, evidence suggests that TCMs possess synergistic effects when combined with common chemotherapeutic drugs, enhancing toxicity against cancer cells and prolonging survival time (24, 25) . These combinations could also decrease the side effects of chemotherapeutic drugs and improve the quality of life in patients (26, 27) .
Pinellia pedatisecta rhizome has long been used as a TCM to treat Thanatophidia bites, nameless swelling, toxicum and cancer. It was recorded to exhibit efficacy at dispelling wind, relieving convulsions, drying dampness to eliminate phlegm, and eliminating stagnation (28) . Previous studies have focused on Pinellia pedatisecta agglutinin, which has potential value in immunotherapy against drug-resistant cancer cells through inducing the tumoricidal activity of macrophages (29) and distinguishing among glycosylation patterns in various cancer cell lines (30) . Total protein of Pinellia pedatisecta Schott has been reported to inhibit the growth of SKOV3 cells and lead to proteomic changes in the SKOV3 cell strain (31) . A novel lipid-soluble extract (PE) from Pinellia pedatisecta has been investigated by the present authors for 10 years (Zhang et al, unpublished data) . A previous in vivo study demonstrated that PE had a synergistic cytotoxic effect on CaSki cell growth in xenograft tumors in vivo, when combined with CDDP. This led to the investigation of whether PE has a synergistic effect when combined with CDDP on cervical cancer cell lines in vitro.
In the present study, PE and CDDP were shown individually to cause inhibition of cell growth in SiHa and CaSki cells in a dose-dependent manner. To extend analysis of the synergistic interactions between PE and CDDP, different concentrations of PE and CDDP were used to treat cervical cell lines. Drug CI analysis was used to evaluate the interactions between two drugs for a long time period. The median-effect method was created by Chou and Talalay, and CI <1, =1 and >1 indicate synergy, additivity and antagonism, respectively (16) . Cell viability assays in the present study determined the CI, at quality ratios of 6:1 (PE: CDDP), for SiHa cells to be 0.43, and that for CaSki cells was 0.68. This provides evidence of the synergistic anti-proliferative effect. The synergistic effect of the combination treatment on cell apoptosis, cell cycle and cell invasion was then examined in the two cell lines. As shown in Fig. 3 , although PE or CDDP alone decreased cervical cancer cell invasion, combined targeting significantly enhanced the effect compared with either treatment alone. Cells were arrested in G0/G1 or G2/M-phase in SiHa and CaSki cells, respectively, with a significant decrease (P<0.01) in S-phase cells. Similarly, combination of PE with CDDP strongly and synergistically induced apoptosis in the two cell lines (Fig. 4) . The activation of caspase-3 and PARP was observed in the two cell lines treated with PE and CDDP. Caspase-3 and PARP protein serve a key role in the execution-phase of cell apoptosis (32, 33) . Results show that the combined use of PE and CDDP synergistically inhibited cervical cancer progression. However, the mechanisms responsible for the synergistic effects of using PE and CDDP are not understood.
It is known that the efficacy of platinum-based chemotherapy is dependent on the generation of DNA damage and the subsequent induction of apoptosis (34) . DNA has been a main target of cancer therapy, since DNA damage could initiate a cascade of events that ultimately determines the fate of cancer cells (35) . A DDR induced by a chemotherapeutic drug can lead to permanent cell cycle arrest or apoptosis, thus avoiding the proliferation or survival of premalignant clones (36) . Modulation of the DDR network may alter the response of cancer cells to DNA damaging anticancer drugs, including CDDP and doxorubicin (37, 38) . This endogenous DDR involves the activation of DNA damage sensors (including ATM) and the activation of the cell cycle checkpoint kinases Chk-1 and Chk-2 together with the phosphorylation of the histone H2AX (39) . To investigate the potential mechanism of the synergistic effect of PE and CDDP, western blot analysis of the primary protein in the DDR pathway was conducted. As shown in Fig. 6 , the phosphorylation levels of ATM and γ-H2AX were increased more by treatment with PE plus CDDP than by either treatment alone. Therefore, the potential mechanism is possibly associated with enhancing the activation of the ATM/pChk-2 pathway to induce p53-mediated cell apoptosis in cervical cancer cells in vitro.
This phenomenon has also been observed in other TCMs. Wang et al (40) identified that curcumin could sensitize budding yeast to DNA damage by counteracting the DDR. Berberine was reported to be able to induce apoptosis and DNA damage in MG-63 cells (41) . A number of studies have observed that herbal extracts are able to protect normal cells from DNA damage caused by certain unfavorable factors. It was stated that Ginkgo biloba extract (EGb 761), an antioxidant herbal medicine, can notably alleviate endothelial DNA oxidation caused by intermittent high glucose in human umbilical vein endothelial cells (42) . In addition, Citri reticulatae Pericarpium can effectively protect against hydroxyl-induced DNA damage by donating a hydrogen atom/electron (43) . Furthermore, the TCM compound rocaglamide protects nonmalignant primary cells from DNA damage-induced toxicity by inhibition of p53 expression, but this protective effect was not in malignant tumor cells with defective or mutant p53 (44) . In the present study, it was observed that PE can induce DNA damage in cervical cancer cells, and thereby cause cell apoptosis, and it can also enhance the DDR caused by CDDP. Nevertheless, whether PE can protect normal cells from DNA damage caused by CDDP, as well as the upstream molecular reaction ATM/pChk-2 pathway in this process remains unclear and further investigation is necessary.
The present data and previous findings indicate that PE and CDDP inhibit the growth of cervical cancer cell lines synergistically. The potential mechanism may be associated with enhancing the DDR pathway to induce apoptotic signals in cervical cancer cells in vitro. The presented approach may have important implications for the pharmacological mechanism of Pinellia pedatisecta and therapeutic strategies for cervical cancer.
